Objectives/Hypothesis: To determine if adenotonsillar hypertrophy is an isolated factor in pediatric obstructive sleep apnea (OSA), or if it is part of larger spectrum of cervical lymphoid hypertrophy.
INTRODUCTION
Over the last 50 years, there has been a significant evolution in the diagnosis and management of pediatric OSA. [1] [2] [3] With advancements in polysomnography, accurate means of diagnosing OSA in children has become possible. 4, 5 Moreover, the entity of OSA as a whole and its untoward physical and neurocognitive effects on children have been studied and documented. 6 Authorities now appreciate the association between pediatric OSA and transient nocturnal hypoxia and poor quality sleep, both of which can negatively impact daytime alertness, school performance, behavior, and cardiovascular status. 7 At its worst, pediatric OSA has been associated with cognitive delays, hypertension, and heart failure. 8, 9 Despite the recognition of these associations, the precise etiology of pediatric OSA still remains unclear.
OSA and Adenotonsillar Hypertrophy (ATH)
Pediatric OSA has been clearly associated with ATH. However, the complete understanding of pediatric OSA and its distinct relationship with ATH remains nebulous. Certain factors have been identified that contribute to ATH, including genetic predisposition and exposure to infectious pathogens. 10, 11 But it remains unknown why children with similar tonsil and adenoid size display a wide variance in clinical sleep symptoms. 12 Furthermore, it is unclear why tonsillectomy and adenoidectomy does not cure all children with OSA. Some studies suggest that as many as 1/3 of children have persistent OSA despite adenotonsillectomy. 13 Our specialty has not achieved a framework to predict the likelihood of adenotonsillectomy success for children with OSA. At best, postoperative clinical symptoms and/ or polysomnography can quantify postsurgical success, but even polysomnography suffers from limited availability and excessive cost.
Tonsillectomy and adenoidectomy (T&A) has evolved into a first-line therapy for children with documented and undocumented OSA.
14 It is one of the most common operative procedures performed, but comes at the cost of significant postoperative pain, the risk of hemorrhage, and a high annual healthcare expenditure. 15 In the last quarter of a century, the indication for T&A has moved from chronic pharyngitis to obstructive sleep disordered breathing, reflecting the greater understanding of pediatric OSA and greater tolerance of chronic pharyngitis. 16 
OSA and Magnetic Resonance Imaging (MRI)
Over the last 30 years, MRI has become a global diagnostic modality for the evaluation of human soft tissue. In the past decade, MRI has been used to evaluate the upper airway in patients with sleep apnea. 16, 17 Two types of imaging have evolved-static and dynamic. With static imaging, MRI sequences are obtained as a ''snap-shot'' to evaluate the upper airway in patients with OSA. 18, 19 In dynamic studies, MRI sequences are captured as ''films'' to examine active movement of the upper airway soft tissues to elucidate obstructive pathologies (often referred to as Cine-MRI). [20] [21] [22] [23] Aside from inherent equipment and support costs, limits of such studies include the required supine position, and in the case of children, the frequent need for sedation, which may not accurately mimic physiologic sleep.
OSA and Cervical Lymph Node Hypertrophy
Our review revealed no studies supporting the thesis that cervical lymph node hypertrophy is associated with pediatric OSA. There have been case reports demonstrating OSA in patients with other lymphatic disorders, such as malformation or neoplasia. [24] [25] [26] [27] However, there are no clinical standards for the evaluation of cervical lymph nodes in the management of OSA.
Evaluation of Lymphoid Tissue Volume in Children with OSA
To determine if deep cervical lymph nodes are enlarged in pediatric patients with OSA. Our hypothesis is that pediatric OSA is a multifactorial disease with multilevel obstruction, and that increased deep cervical lymph node volume contributes to this disorder.
Experimental Evaluation of MRI Analysis of Cervical Lymphoid Tissue Volume
There have been no studies demonstrating a feasible diagnostic modality to assess cervical lymph node volumes. Previous studies have demonstrated that Waldeyer's Ring lymphoid tissue volumes can be accurately assessed by MRI. This study's secondary objective is to determine if computer-assisted three-dimensional volumetric analysis of cervical MRI can accurately assess deep cervical lymph node volumes.
MATERIALS AND METHODS
Institutional Review Board (IRB) approvals were obtained at all involved sites.
Subjects
The subjects in the age range of 2 to 17 years, with polysomnography confirmed OSA, were recruited from pediatric sleep disorders centers at the Children's Hospital of Philadelphia between the periods of 1998 and 2004, and from the Children's Hospital at Montefiore between 2008 and 2011. Informed consent was obtained from recruited subjects' parent(s) or guardian(s), and assent was obtained from children older than 7 years, as per IRB protocol. Subjects were excluded if they had a history of tonsillectomy and/or adenoidectomy. Also, subjects with any significant comorbid conditions contributing to OSA, such as: Trisomy 21, craniofacial anomalies, and cerebral palsy, were also excluded from the study.
Controls
Children in the age range of 2 to 17 years, who underwent head and neck MRI for nonsleep-related complaints at the Children's Hospital of Philadelphia between the periods of 1998 and 2004, and at Children's Hospital at Montefiore between 2008 and 2011, and were recruited as controls. Subjects were included when the indication for MRI had no bearing on upper airway structure and involved conditions such as: headaches, trauma, seizure convulsion, etc. Informed consent was obtained from recruited subjects' parent(s) or guardian(s), and assent was obtained from children older than 7 years as per IRB protocol. All controls underwent polysomnography, and those with OSA were excluded, as well any controls with a history of tonsillectomy and/or adenoidectomy or any significant comorbid conditions contributing to OSA. 28 Controls were obtained from children who underwent head and neck MRI for nonsleep-related complaints. All patients were clinically justified in undergoing MRI of the head and neck for other reasons (e.g., headaches, trauma, seizures, etc.). Informed consent was obtained from recruited subjects' parent(s) or guardian(s), as per IRB protocol. Patients were excluded if they had a history suspicious for sleep apnea based on a questionnaire, or a history of tonsillectomy and/or adenoidectomy. 28 
Polysomnography
Both subjects and controls underwent overnight polysomnography using a computerized acquisition system (Somnostar, SensorMedics, Yorba Linda, CA or Xltek, Oakville, ON, Canada). Variables recorded were: sleep stage by scalp electrodes (
, muscle tone by EMG, thoracoabdominal movement by piezoelectric belts (Sleepmate, Midlothian, VA), inspired and expired end-tidal CO 2 tension (P ET CO 2 ) by capnography (Capnogard 1265; Novametrix, Wallingford, CT), airflow by nasal pressure (Pro-Tech, Mukilteo, WA) and 3-pronged thermistor (Nihon Kohden, Tokyo, Japan), arterial oxygen saturation (SpO 2, averaging time of 2 seconds) by pulse oximetry (Masimo, Irvine, CA), heart rate and ECG, and continuous infrared video-digital recording with audio.
Scoring of polysomnographic variables was performed as per the guidelines of the American Thoracic Society and published data in children. We defined OSA as cessation of airflow with absence of thoraco-abdominal movement. Hypopnea was defined as a 50% reduction in airflow and concurrent arousal or 3% drop in oxygen saturation.
MRI
MRI was performed with a 1.5 Tesla machine (Siemens Vision System, Iselin, NJ) with an anterior-posterior head coil. All patients and controls (below 7 years of age) received intravenous pentobarbital at a dose of 2 mg/kg. Up to two more doses at 2 mg/kg up to a maximum of 200 mg were given if sleep was not achieved. Once asleep, subjects were positioned supine with the head's Frankfort plane (tragus to orbital fissure) perpendicular to the table.
T1 and T2 axial images were obtained from the roof of the orbit to the level of the cricoid. T1 and T2 sagittal images were obtained from the midline bilaterally. T1 coronal images were obtained from the anterior nose to the posterior spinal cord. Specific sequence parameters were used for each patient in each plane: 
Lymphoid Tissue Definitions
Four specific regions of lymphoid tissue were delineated on MRI based on location and signal pattern diagnostic for lymphoid tissue. The four regions delineated were tonsil, adenoid, retropharyngeal nodes (defined as lymph nodes located between the internal carotid arteries from the skull base to the hyoid bone), and the upper jugular lymph nodes (defined as lymph nodes, located along the internal jugular vein from the skull base to the hyoid bone). Tonsil and adenoid volume was defined as the sum of tonsil and adenoid volumes. Total deep cervical lymph node volume was defined as the sum of the retropharyngeal and upper jugular lymph node volumes.
Three-Dimensional Volumetric Analysis
MRI scans were reviewed individually and DICOM (Digital Imaging and Communications in Medicine) images were extracted and downloaded into Amira software (Mercury Computer Systems, Visage Imaging Inc, Carlsbad, CA, Version 4.1.1). Deep cervical lymph node volumes was manually delineated on each two-dimensional DICOM image using semiautomated interactive image segmentation technique based on signal density characteristics. Volumetric analysis was then performed using the Amira software.
Statistical Analysis
Comparisons of demographic data between subjects and controls were carried out using Student's t test, except for gender ratio, which was analyzed with Chi-square analysis. Data were presented with averages 6 standard deviation. With regard to sleep data, independent samples were used to compare groups with normally distributed continuous variables, and Chi-square and Fisher's Exact tests were used for categorical variables. MRI lymphoid tissue volumes were compared between subjects and controls using Student's t test, and 95% confidence intervals were calculated and graphically plotted. Pearson's Correlation Coefficient was used to identify associations on scatter plotting of lymphoid tissue volumes and apnea-hyponea indices.
RESULTS

Demographics
A total of 146 children were included for analysis, all of whom underwent polysomnography (PSG) and cervical MRI. Seventy were recruited from a sleep center by screening questionnaire and then underwent MRI and PSG. Seventy-six controls were recruited from a pool of patients who had already undergone cervical MRI for nonsleep-related diagnoses. These controls then underwent PSG. A similar percentage of patients in both groups required sedation for MRI. No significant differences in age, gender, height, weight, and BMI were identified between OSA patients and controls (Table I) .
Polysomnography
All recruited patients underwent polysomnography. Comparison of OSA patients' and controls' sleep efficiency, apnea index, apnea-hypopnea index, baseline SpO 2 , and SpO 2 nadir, baseline ETCO 2 , peak ETCO 2 , and arousal awakening index showed statistical significance (Table II) . The OSA group performed worse than controls in all measures. No statistical difference was found between the two groups' total sleep time.
Volumetric MRI Analysis
All OSA patients and controls underwent volumetric MRI analysis of cervical lymphoid tissue (Fig. 1) . Comparison of OSA patients' and controls' upper jugular, retropharyngeal, and total deep lymph node volumes showed statistical difference in all three accounts (Table III) . OSA patients also demonstrated statistically larger adenotonsillar volume than controls (Table IV) . Plotting of 95% confidence intervals for all cervical lymph node regions graphically demonstrated no overlap between OSA patients and controls (Figs. 2, 3, & 4) . Scatter plotting and Pearson's Correlation Coefficient (r) calculation between total deep cervical lymphoid volumes and age was carried out (Fig. 5 ). This demonstrated a positive correlation between age and total deep cervical lymph node volumes in subjects (r ¼ 0.74) and controls (r ¼ 0.67). Similarly, scatter plotting and coefficient correlation between AHI and lymphoid tissue volumes in subjects was carried out (Figs. 6 & 7) . Positive correlations were identified in subjects between AHI and total deep cervical lymph node volume (r ¼ 0.29) and between AHI and total lymphoid tissue volume (r ¼ 0.37).
DISCUSSION
Comparison of Lymphoid Tissue Volumes
No previous study has compared cervical lymph node volumes in patients with OSA versus controls. In this novel report, volumetric analysis was feasible given the reliable MRI signal of lymphoid tissue in the upper jugular and retropharyngeal areas. The limits of comparison of these areas include the inherent accuracy of MRI technology and the 3-mm slices used in our protocol. Although smaller slices may have resulted in more accurate volume analysis, the consistent imaging protocol in both cohorts nullifies the potential for bias or inconsistencies. 
Feasibility of MRI Analysis of Cervical Lymphoid Tissue Volumes
MRI has already been established as a useful modality for the evaluation of patients with sleep apnea. 19, 20 Studies have also demonstrated that MRI can reliably measure the volume of tonsil and lymphoid volumes. 17, 29 Using established signal intensities for lymphoid tissue, perimeters of lymphoid tissue can be identified. After highlighting these boundaries, volumetric analysis can be computed. We identified two areas where signal intensity and perimeters were in keeping with lymphoid tissue: the retropharyngeal region and upper jugular region. Tonsil and adenoid volumes could also be calculated based on established protocols.
Of note, one cannot assume that measured lymphoid tissue volumes in our study measure the entire complex cervical lymphatic system. Although we acknowledge the limits of these measurements, we applied the same measurement protocol to both the study and control cohorts. We believe that the recorded differences between the two cohorts' lymphoid tissue volume accurately reflects a legitimate difference. We believe the difference can be traced to an undefined systemic process within the OSA group.
Polysomnography
Polysomnography and scoring were performed as per the American Thoracic Guidelines. Although other polysomnography scoring methodologies exist, the consistent use of the identical system on both subjects and controls allowed for meaningful comparison. Every index of scoring showed statistical difference between OSA patients and controls, yielding confidence in study design.
Theories of Lymphoid Hypertrophy and OSA
The exact role of ATH as it relates to the immune system is unknown. All classes of immunoglobulins have been identified in tonsillar lymphoid tissue. [30] [31] [32] [33] Hypertrophy of adenotonsillar tissue may occur as a response of exposure to infectious agents. 34, 35 Removal of the tonsils and adenoids have not demonstrated a negative effect on the immune system. 36, 37 Although there is familial concordance with adenotonsillar hypertrophy, an exact genetic signature has not been identified. [38] [39] [40] The precise relationship of ATH and OSA is also unknown. Most theories subscribe to laxity of the upper airway in deep phases of sleep, with subsequent obstruction from adenotonsillar tissue. 41, 42 Additional factors such as obesity and tongue size have also been identified as contributing to upper airway obstruction. [43] [44] [45] ATH may be an isolated phenomenon of Waldeyer's ring, or part of a larger lymphoproliferative disorder. We demonstrate that pediatric OSA patients with ATH also have hypertrophy of the entire cervical lymphoid system. This suggests the possibility that lymphoid hypertrophy outside of Waldeyer's ring contributes to pediatric OSA, and challenges the concept that adenotonsillar hypertrophy is isolated to Waldeyer's ring in children with sleep apnea. This finding also suggests that OSA in children is a multi-factorial disorder that includes obstructive contributions from cervical lymph node hypertrophy. Our major finding in this work is that increased deep cervical lymph node size may reflect a broader respiratory perturbation in children. The cervical lymphatic system drains important craniofacial structures including: the nose, paranasal sinuses, and middle ears, as well as other cranial and cervical lymphoid tissues such as those involved in Waldeyer's ring. Thus, such hypertrophy may reflect a broader disorder of lymphoid tissues due to inflammation and/or infections that may be recurrent or chronic.
One could argue that the cervical lymphoid hypertrophy outside Waldeyer's ring, while coexistent with ATH, makes no contribution to OSA. We have submitted no evidence to counter that claim. On the other hand, most clinicians who manage pediatric OSA understand that a significant number of children have ATH, but minimal or no symptoms of sleep disordered breathing. It may be that neurologic factors alone account for this phenomenon, but anatomic factors such as cervical lymphoid hypertrophy may also be a contributor to some children's obstruction. The fact that obesity clearly causes an increase in OSA supports the notion that increased mass in the neck, as occurs with cervical lymph node hypertrophy, aggravates OSA. Future study should address the question of whether children with minimal response to tonsillectomy and adenoidectomy have an abnormal deep cervical lymph node volume. Our finding of multi-level lymphoid hypertrophy in OSA patients also has therapeutic implications. Other studies have shown that anti-inflammatory pharmaceutical agents have a beneficial impact on patients with OSA but the mechanism of action is unknown. [46] [47] [48] It is plausible that anti-inflammatories play a role in the downregulation of cervical and Waldeyer's lymphoid hypertrophy with secondary relief of upper airway obstruction. This hypothesis warrants further investigation as a potential new strategy for the management of children with OSA. 
CONCLUSION
Three-dimensional volumetric analysis of MRI cervical lymph node volumes is a feasible study in children with OSA. Our initial evaluation of subjects with polysomnography-proven sleep apnea and controls reveals statistically significant differences in the volumes of lymphoid tissue. Children with sleep apnea have greater volumes than controls of measured upper jugular, retropharyngeal, and total deep cervical lymph nodes. This revelation indicates that pediatric OSA is not only associated with isolated adenotonsillar hypertrophy, but with hypertrophy of the entire cervical lymphoid system. This novel finding warrants further investigation to delineate potential diagnostic and treatment algorithms for deep cervical lymph node hypertrophy in the management of pediatric patients with OSA.
BIBLIOGRAPHY
